Abstract: Graphene nanowalls (GNWs) exhibit outstanding optoelectronic properties due to their peculiar structure, which makes them a great potential in infrared (IR) detection. Herein, a novel IR detector that is composed of polydimethylsiloxane (PDMS) and designed based on GNWs is demonstrated. Such detector possesses an anomalous temperature coefficient of resistance of 180% K −1 and a relatively high change rate of current (up to 16%) under IR radiation from the human body. It primarily attributes to the ultra-high IR absorption of the GNWs and large coefficient of thermal expansion of PDMS. In addition, the GNW/PDMS device possesses excellent detection performance in the IR region with a responsivity of ~1.15 mA W , which is one or two orders of magnitude larger than that of the traditional carbon-based IR detectors. The significant performance indicates that the GNW/PDMS-based devices reveal a novel design concept and promising applications for the future new-generation IR photodetectors.
Introduction
The application of infrared (IR) photodetectors keeps rapidly growing in the fields of security, night vision, astronomy, and health care. In these specific fields, thermal photodetectors without cooling that can operate at room temperature are highly desirable. Typically, vanadium oxide (VO x ) and amorphous silicon (Si) are the most widely employed thermal-sensitive materials due to their superior temperature coefficient of resistance (TCR in units of % K −1 hereinafter) of up to −4.5 [1] and 7.9 [2] , respectively. Those thin films, however, are unable to absorb light by themselves and require an extra light-absorbing layer that collects IR radiation and conducts IR heat into thermal-sensitive materials. Recently, there is an increasing effort in searching for novel IR sensing materials that can exhibit excellent performance with broadband absorption and competitive TCR value, such as graphene [3, 4] , carbon nanotube (CNT) [5] , and WSe 2 [6] . Among these materials, the investigation of graphene is most popular due to its outstanding performance [7, 8] . However, as the intrinsic absorptivity is only 2.3% for each layer [9] , graphenebased IR photodetectors routinely suffer from poor light absorption. Considering this, researchers focused on exploring effective methods to improve the absorption, for example, plasmon enhancement [10, 11] , waveguide [12, 13] , and quantum dots [14, 15] . However, the desired absorptivity is limited by the narrowband absorption due to the optical characteristics of those structures [16] . Except for low light absorption, the intrinsic TCR of graphene also shows poor superiority, which is −0.05% K −1 only. Researchers [15] [16] [17] [18] have done a lot of works for the purpose of enhancing the TCR of graphene in which the maximum value is −4% K −1 accompanied with a complicated fabrication process. Apparently, it is challenging to simultaneously possess both broadband strong absorption and high TCR value for the bolometric sensing materials.
Graphene nanowalls (GNWs), which are 3D carbon nanomaterials, can be regarded as nanostructures with few-layer graphene sheets [17] and usually have tapered structure with one to three graphene layers at the top and several layers at the bottom [18] . Therefore, GNWs are expected to reveal a great number of novel properties. According to literature review, GNWs have been mainly applied in the fields of energy storage [19, 20] , bioapplications [21] , and nanocomposites [22] . Actually, GNWs have been proven to possess excellent light absorption from NIR to MIR region [23] [24] [25] due to the abundance of edges and index of refraction close to unity at the interface. Additionally, our previous work [26] reported that GNWs have a considerably high TCR. Furthermore, in terms of IR detectors, GNWs also show a great market potential. Wang et al. [27] pointed out that the electrical parameters of GNWs are comparable to that of the graphene-based devices. Recently, Shen et al. [28] reported a photodetector that was designed based on GNWs, and the photodetection parameters of the devices are greatly improved. All the above-mentioned reports demonstrated that GNWs have good enough qualifications for use as high-performance sensing materials of IR detectors. Nevertheless, the influence of the height of GNWs and underlying substrate on the performance of IR detectors is still unclear. It is a drawback for the development of GNW-based IR photodetectors.
In this paper, we demonstrate a novel IR photodetector that is structured based on the GNWs acting as sensing bolometric materials. A low-temperature and sample craft plasma-enhanced chemical vapor deposition (PECVD) is applied to synthesize the GNW film and a poly(methyl methacrylate) (PMMA)-free transfer method is adopted to maintain the vertical morphology of GNWs on the target substrate, including polyethylene tere phthalate (PET), Si, and polydimethylsiloxane (PDMS). The Raman spectra and absorption of MIR band from the Fourier tranform IR (FTIR) spectrometer depending on the height of GNWs are given. After transferring on three substrates with significantly different coefficients of thermal expansion (CTE), the performance of the IR detector devices is characterized. The thermal expansion of substrates plays an important role in TCR. GNW/PDMS composites are confirmed as ideal IR sensing materials with both strong broadband absorption and high TCR value. An anomalous TCR value of up to 180% K −1 is obtained, which is an ultrahigh value compared to the previous IR detectors. Additionally, the GNW/PDMS structured device possesses high-performance IR photodetectors and has a great potential application in the field of bolometry.
Experiments

Synthesis of GNWs
The GNW film was grown on copper foil (25 μm thick) at a pressure of 50 Pa using RF-PECVD as reported in our previous work [26, 29] . The gas proportion (CH 4 :H 2 ) was maintained at a constant ratio of 6:4 at 750°C growing temperature and 200 W RF power. Growing time varied from 30 to 90 min. Before growing, the copper substrate was annealed at 700°C for 60 min, making the quality of the GNW film greatly improved [23] .
Characterization
The surface morphology and height of GNWs were analyzed using scanning electron microscopy (SEM; JEOL JSM-7800F), and the typical zooming magnification was 30,000×. The characterization of vertical nanosheets in GNWs was performed using a high-resolution transmission electron microscope (TEM; FEI Tecnai G2 F20) operating at 200 kV. The defect status of GNWs was verified using a Raman spectrometer (Renishaw inVia Reflex) with a laser excitation wavelength of 532 nm. IR absorbance was obtained using an FTIR spectrometer with the scanning of waveband ranging from 2 to 16 μm. In addition, we performed a 3D surface imaging of GNWs using atomic force microscopy (AFM). The details are discussed in Section 3.
Fabrication of PET/GNWs, Si/GNWs, and GNWs/PDMS
The GNW film is thicker and more robust than graphene. This property makes it possible to be transferred without the protection of PMMA. Therefore, the PMMAfree method is adopted here. It is important for achieving an excellent performance of the devices. Floating GNW films were derived after 6 h etching process in ammonium persulfate solution and transferred to the target substrates, including Si, PET, and PDMS. To guarantee the integrity of the GNW films, a hydrophilic treatment for the transferred substrates was carried out via UV-ozone or O 2 plasma. Then, the Ag electrodes were pasted onto two terminals of the sample. To increase the TCR value, the GNW channel between two Ag electrodes was set as 45 mm 2 (i.e. 15 × 3 mm in length and width, respectively). The specific fabrication process is shown in Figure 1 .
Test of TCR
TCR is a key parameter for IR detectors and is given by [30] :
where R 0 is the initial resistance. It is necessary to determine the TCR of the samples due to its importance. In our study, we used stable hot plate as a heat source to adjust the ambient temperature of the sample. Meanwhile, Keithley source-meter (2450, from Tektronix company) was employed to record the change of resistance under different temperatures (ranging from 20°C to 45°C with an interval step of 5°C) and 1 V bias voltage.
To prove that it is reasonable to measure the TCR with the step of 5 K, we made an additional supplementary experiment with an interval step of 1 K (ranging from 35°C to 40°C).
Results and discussion
Morphology and optical performance of GNWs
The SEM images in Figure 2A and B show the morphology of the GNWs with three specific heights of 380, 740, and 940 nm, respectively. It can be seen that the entire surface of the substrate is covered with continuous wall-like vertical nanosheets and becomes densified as the growth time increases. The vertical nanosheet is further characterized using TEM as shown in Supporting Information Figure  S1a and b. The results provide evidence that the vertical nanosheets consist of several graphene layers that are 0.34 nm thick for each layer. The GNWs of 940 nm in height reveal that the high density of wall-like edge structure leads to outstanding optical properties. The IR absorption of GNW films with different heights is illustrated in Figure 2C . As can be seen, the high GNWs correspond to a strong absorbance. In fact, the high GNWs possess the structure with more wall-like edges; the structure plays a crucial role in decreasing light reflection according to the gradient refractive index model [27] . The absorbance limitation of GNWs is studied as well. When the height of the GNWs reaches 1.5 μm, the absorbance of the GNWs is relative unchanged (see Supporting Information Figure S2 ). Figure 2D shows the Raman spectra of the GNWs with different heights. Both I 2D /I G ratio and D peak values diminish as height increases, which means that the graphene layers increase and defects become less. The AFM image in Figure  2E further proves that the GNWs have a taper-off structure and ultra-high surface ratio. Moreover, this structure can respond with excellent properties of the GNWs, such as extraordinary light absorption in ultra-broad waveband and stability in a variety of surroundings [23] . Si substrate with a relative low CTE (ε Si = 2.5 × 10 −6 °C −1 ), the influence of the expansion of Si can be ignored and the TCR of GNWs/Si can approximately be the pristine TCR of the GNW films. As reported in our previous work [24] , the thermal expansion of the substrate leads to a positive TCR, especially for the polymer substrate. Interestingly, for the PET/GNWs, the absolute value of TCR is below 0.1% and an ultralow TCR of −0.03% is achieved. It may be the reason that the CTE of PET (ε PET = 5.9 × 10 −5 °C −1 ) is one order of magnitude larger than that of Si. The parameter causes the stretch of the GNW film with the temperature rise. The near-zero TCR means that the internal ) of the PDMS substrate. Evidently, the positive TCR effect from PDMS is far superior to the negative TCR effect from the GNW film. At a temperature ranging from 35°C to 40°C, the resistance of GNWs/PDMS owns a drastic change of ~900%, which is three to four orders of magnitude higher than that of Si/GNWs and PET/GNWs, as shown in Figure 3D -F. To investigate that our device can work in a broad temperature environment, we set a large temperature interval step of 5 K. To prove that it is reasonable to measure the TCR with the step of 5 K, we made an additional supplementary experiment with an interval step of 1 K, as shown in Figure S3a . It can be seen that the calculated TCR with respect to 35°C and 40°C is 180.4% K −1 , which is coincident with the previous outcome shown in Figure 3 . Additionally, the heatingcooling process is demonstrated in Figure S3b also, which means that our devices possess a good recoverability.
TCR of GNWs with varieties substrates
Thermoresponsive behavior of GNWs/PDMS
An in situ method combined with AFM and optical microscopy is adopted to investigate the enormous TCR of the GNWs/PDMS. Figure 4A shows the schematic diagram of the thermal response of the GNWs/PDMS. As discussed above, for the change of resistance, the influence that is originated from intrinsic GNWs and substrate can be considered simultaneously. For the substrate of PDMS with large TCR, it tends to form isotropic thermal expansion in all directions with the increase of temperature, as shown in red outward arrows in Figure 4A (middle). For the GNW film coated above the PDMS, the outward expansion will cause the tensile deformation of the GNW film. The deformation makes a great enhancement of the resistance. Images from both optical microscopy and AFM verify the above hypothesis. The tiny disordered cracks on the GNW film are observed and become dense and deep with increasing temperature, as shown in Figure 4B . From the AFM image (see Figure 4C and D), the cracks can separate the continuous GNWs into GNW islets. Therefore, it becomes clear why the GNW/PDMS device has such an enormous positive TCR value. With the increment of temperature, the compact and continuous GNW film stretches into a defective and discontinuous conductive network with vast cracks due to the large expansion of the PDMS substrate. As a result, the conductive channels between the two Ag electrodes are lengthened and the resistance of device increases sharply. On the contrary, as reported in our previous work, the conductive channels can return to its original state after cooling down to room temperature, as shown in Figure 4A (right). The GNW/PDMS composites form a revertible conductive channel under the heatingcooling process and result in a reliable stability for applications. Generally speaking, the GNW/PDMS composites possessing the anomalous TCR can be expected to be the novel materials for the fabrication of flexible IR detectors with high performance.
IR radiation response and stability of device
To demonstrate the IR radiation response and stability of the GNW/PDMS devices, we apply a constant drainsource voltage between the two Ag electrodes. A different IR radiation is adopted, as shown in Figure 5 . First, an IR lamp with a temperature control is conducted above the device that is 20 cm high. A thermocouple is placed near the device for the purpose of measuring the actual accepted temperature of GNWs/PDMS. The starting and ending temperatures are 30°C and 32°C, respectively. Figure 5A shows that the current is still changed remarkably under repeated increasing and decreasing temperature. The process of heating-cooling corresponds to the up and down of the device resistance. Thus, the GNW/PDMS composites show excellent detection performance of IR radiation. We further measured the IR optothermal response using IR laser (980 nm, 13 mW), as shown in Figure 5B . The light incident angle is normal incidence. For the purpose of intuitively observing the current change under IR radiation, the photocurrent (I photo = I light − I dark ) is used to evaluate the photoresponse of the photodetectors. . Table 1 indicates that the performance of our device is better than the traditional carbon-based IR detector even with a large effective working area (~45 mm 2 ) and can be expected to easily develop a commercialized bolometer with the optimized fabrication process. Figure 5C shows the IR thermal response with the radiation of the human body (hand). It is clearly shown that the IR radiation emitted by the human body can generate an obvious thermal response in our designed GNW/ PDMS detector. From left to right of the figure, quantities of radiation increase, so does as the change rate of current. The change rate of current in the third case is found to be about 16%. It may attribute to the ultra-high TCR of our novel IR detector. Thus, it is suggested again that the GNW/PDMS-based IR detectors have tremendous implications in human motion monitoring, IR imaging, etc.
Moreover, the flexibility and repeatability of the GNW/ PDMS-based bolometer are also evaluated. A periodic bending testing with 10 mm bending radius is applied, as shown in Figure 5D . Figure 5D demonstrates that, even after 1000 cycles of repetition, the performance of the device shows near-zero degradation. As mentioned previously, the interlaced network of the GNW film provides a reliable flexibility of the device under repeating bending. It is important for the flexible IR detectors.
Theory of radiation response
According to the principle of IR thermal detector [37] , we have thermal equilibrium equation:
where C is the thermal capacity, G is the thermal conductance, ΔT is the temperature difference aroused by IR radiation power, ε is the absorption of GNWs, P 0 e jωt is the optical or thermal radiation power, and ω is the angular frequency of signal modulation. Then, the temperature difference generated by IR radiation power can be written as
(1 )
where τ T = C/G is the IR thermal response time. Combined with Eq. (1), we obtain the relationship between IR radiation power and resistance change as 0 0 2 2 1/2
Naturally, we have current change formula expressed as 0 2 2 1/2 0 (1 )
Further, current responsivity can be described as
For the optothermal effect (see Figure 4E) , the parameters in Eq. , respectively. There is a slight difference compared to the measured values. It may be the reason that the real thermal power accepted by device is less than 13 mW because of heat loss.
For the thermal radiation (see Figure 4F) , there is no action of modulation (i.e. ω = 0). Therefore, Eqs. (5) and (6) can be replaced by ∆I = VαεP 0 /R 0 G and R i = Vαε/R 0 G. The former means that the change of current is proportional to the power of thermal radiation, which is in agreement with the results in Figure 5C . Moreover, we know that the responsivity of the thermal radiated devices has no relationship between wavelength and power. The latter shows that our model has no conflict with the existed theory.
Change of resistance
Two parts are relevant to the resistance transformation followed by α = α GNWs + α substrate . It means that the study of resistance change needs to consider the influence of both GNWs and substance simultaneously. For GNWs/PDMS, when radiation illuminates onto the device, the resistance of GNWs begins to decrease because of the negative TCR effect. Meanwhile, for a great CTE of PDMS, under the effect of ΔT, PDMS begins to expand and results in cracks on the surface of device, which makes the resistance of GNWs greatly increased. Consequently, the TCR of this structured device is positive and enormous as well.
Rise time and detectivity
In our experiment, the working area of GNWs is 3 × 15 mm and the spot size is approximately 3 × 3 mm. The response time we obtained is 4 s. The time seems too long compared to that of the traditional IR detectors. The reason may be that the relative low thermal conductivity (G) of the PDMS substrate (0.15 W mK −1 ) leads to a long response time according to the relation of τ T = C/G [5] . It is reasonable to use the formula to estimate the dark current noise I n = (2I d eΔf) 1/2 [38] , where e is the numerical value of charge and Δf = 1 Hz usually. Therefore, the detectivity D * = R i × (AΔf) 1/2 /I n = 1.07 × 10 8 cm Hz 1/2 W −1 is obtained. Theoretically, the smaller working area of the device is, the smaller of thermal exchange outside will be. It means that small working area of the device will contribute to a large ∆T as well as a significant responsivity R i . Therefore, it is reasonable to believe that no matter how intensive the optothermal or radiation thermal is, the responsivity will be greatly improved as long as the area of GNWs is reduced. Further study can be done for the optimization of the devices in the future.
Devices with different substrates designed based on GNWs are studied. The fabrication process of the devices is competitive due to the advantages of simple synthesis process, large area structuring, and reliable performance. We investigated their properties of TCR at a temperature ranging from 20°C to 45°C. Our experimental results demonstrate that GNW/PDMS structured devices have an ultrahigh TCR, and the maximum value can reach 180% K −1 . Furthermore, our devices show an excellent detection performance of IR optothermal and thermal radiation with competitive detectivity and change rate of current. These unique features indicate that GNWs/PDMS can be promiseing candidates for flexible IR photodetectors and can used for applications in bolometry, where they act as sensing coatings.
